Abstract. Auger decay spectra of CO subsequent to O 1s ionization with 549.85 eV photons, i.e. close to the top of the shape resonance, are presented. Their comparison with the normal Auger spectrum recorded at a photon energy well above the shape resonance reveals distinct features. In particular, in the energy region of the O 1s → a 1 + Auger transitions which are well known to consist of vibrational progressions, additional narrow lines are revealed by the spectra recorded at 549.85 eV. In a detailed fit analysis of these Auger spectra it was possible to show that the newly found lines do not exhibit
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Introduction
Core-level photoelectron spectroscopy experiments provide a deep insight into symmetry and photoionization dynamics, see, e.g., [1] [2] [3] [4] [5] [6] . Especially important for core-level spectroscopy is resonant excitation, which provides a well-defined (in energy and symmetry) intermediate state [7, 8] . While the most common experiments involve photoexcitation below a photoionization threshold, a wealth of resonant phenomena takes place also in the photoionization continuum. Of the resonant processes inherent to molecular core photoexcitation, perhaps the most commonly studied and utilized are the so-called shape resonances, which are one-electron effects in the continua, just above core-level ionization thresholds. Their apparent simplicity, large energy widths and well-defined symmetries have made shape resonances a popular area of study in molecular science [9] [10] [11] [12] [13] and a common tool for probing condensed-phase systems (e.g. adsorbates) [14] [15] [16] . The study of molecular shape resonances has not been without controversy (see, e.g., [12] ). One central topic of debate concerned the detailed assignment of spectroscopic features above a core-level ionization threshold, especially the discernment of shape resonances from other resonant or non-resonant processes. A key point feeding the controversy is the difficulty unambiguously distinguishing shape resonances from either doubly excited states, which can be present above an ionization threshold and frequently overlap with shape resonances [12, 17, 18] . While there have been methods developed to distinguish between shape resonances and doubly or even triply excited states in absorption-type measurements, namely partial ion yield spectroscopy [17] [18] [19] , less attention has been paid in the literature to the observation of decay processes following excitation in the spectral region of both shape resonances and doubly excited states. In particular, for the resonant Auger decay of doubly excited states only transitions to the low-lying two-hole one-particle (2h1p) final states were investigated [20] ; in these cases there is no overlap of the normal and the resonant Auger spectra.
In this work, we describe a different approach, and namely we perform a very detailed analysis of the spectra in the normal Auger region of CO subsequent to O 1s photoionization. These spectra were obtained with the best possible resolution available nowadays and measured on top of the shape resonance and at a much higher photon energy. The data analysis is based on a very careful fitting procedure described in [21, 22] and takes into account, e.g., that the shape resonance causes a redistribution on the vibrational structure of the photoelectron main line [23, 24] . As a consequence of this non-Franck-Condon effect on the vibrational distribution of the main line the presence of a shape resonance induces a definite change in the Auger decay spectra [25] .
As a result of our approach, we were able to separate spectral features overlapping in kinetic energy into contributions which originate from normal and resonant Auger processes. In addition, we were able to identify the initial doubly excited and the final ionized state of the resonant Auger process. The final state turned out to be a highly excited 2h1p state which is energetically above the energy region studied with photoelectron spectroscopy so far.
Experimental setup and data analysis
A first series of experiments concerning the Auger spectra has been carried out on the c branch of the soft x-ray photochemistry beamline 27SU at SPring-8 in Japan [26] . The radiation source is a figure-8 undulator that can provide horizontally and vertically polarized light [27] . The monochromator installed on this branch is of Hettrick type [28] and provides monochromatic soft x-rays with the bandwidth of ∼ =50 meV in the O 1s excitation region. The high-resolution electron spectroscopy system employed consists of an SES-2002 hemispherical electron energy analyser, a gas cell and a differentially pumped main chamber [29] . The lens axis of the analyser is in the horizontal direction, whereas the entrance slit of the analyser is set parallel to the photon beam direction.
A second series of experiments, including the repetition of the Auger electron spectra (AES) and the measurement of complementary high-resolution O 1s photoelectron spectra (PES), was carried out on the soft x-ray beamline PLEIADES [31, 32] at the SOLEIL synchrotron in France. The radiation source is an elliptical undulator delivering linearly or elliptically polarized light in the range 35-1000 eV. The beamline is equipped with an inhouse designed high-resolution plane grating monochromator with varied line spacing and varied groove depth gratings. The photoelectron and Auger spectra were recorded with a highresolution VG Scienta R4000 spectrometer using a detection angle of 54.7
• relative to the polarization of the synchrotron radiation. The total instrumental broadening for the Auger spectra was about 80 meV, resulting from the electron spectrometer resolution of 62 meV at 50 eV pass energy and a translational Doppler broadening of 53 meV. For the corresponding photoelectron spectrum recorded at 550 eV (600 eV) the total instrumental broadening was ∼ =60 meV ( ∼ =70 meV), consisting of 25 meV electron spectrometer resolution at 20 eV pass energy, 55 meV (60 meV) photon energy broadening and 6 meV (18 meV) translational Doppler broadening. For the normalization of the electron spectra, the acquisition time, gas pressure and photon flux were taken into account.
To obtain an exact energy calibration in the photon energy region around 550 eV the total ion-yield spectrum of the O 1s → 2π excitation was recorded and calibrated to the values given by Püttner et al [30] ; in this way an accuracy of better than 0.1 eV was obtained for the photon energy scale. Since the photoionization cross section is structureless around 600 eV no special efforts were made for an exact energy calibration in this photon energy region. Nevertheless, we expect that the accuracy of the photon energy is comparable to the above given value of 0.1 eV. The kinetic energies of the Auger spectra were calibrated with an accuracy of 60 meV by comparing the energy positions obtained in the fit analysis for the transitions O 1s The symmetry-resolved ion-yield spectra were also measured at beamline 27SU of the synchrotron radiation facility SPring8 using two identical retarding-potential-type ion detectors [33] . These detectors were mounted to fragment ions emitted parallel or perpendicular to the polarization direction of the light, i.e. transitions to states with and symmetry, respectively. The spectra were calibrated using the energy values of the Rydberg excitations presented in [30] .
The analysis of the present spectra is based directly on the analysis presented in a previous work on the Auger spectra of CO by some of the present authors [21] . The basic ideas of the data analysis are described in [22] and the specifications for CO in [21] ; here we summarize only the major ideas and describe the differences from the procedure used in [21, 22] . The Franck-Condon factors (FCF) for the vibrational progressions of the Auger transitions are calculated by using an algorithm based on the work of Halmann and Laulicht [34] as well as Ory et al [35] . In this algorithm the electronic states are described with Morse potentials by using for the ground state the vibrational energy,hω, the anharmonicity, xhω, and the equilibrium distance, R e , given in [36] and for the O 1s core-ionized state as well as the dicationic finals states a 1 + , b 1 and A 3 + the values from our previous work [21] . In the fit procedure, post-collision interaction (PCI) was taken into account using for the direct terms in the Kramers-Heisenberg formula the lineshape given by Armen et al [37] . For the less important lifetime-interference terms, we used the lineshape given by the corresponding terms of the Kramers-Heisenberg formula by including an average energy shift due to the PCI effect; this shift amounts to 95 meV (25 meV) for the spectrum recorded at hν = 549.85 eV (600 eV). All spectra are convoluted with a Gaussian lineshape using the widths given above to simulate the experimental resolution.
Further details and, in particular, modifications of the fit approach necessary for the 549.85 eV spectrum are presented below along with a discussion of the spectra. Figure 1 shows the O 1s Auger spectrum of CO in the kinetic-energy range between 484 and 502 eV measured at SOLEIL using a photon energy of (a) 549.85 eV and (b) 600 eV. The photon energy of 549.85 eV is a result of a measurement with a nominal photon energy of 550 eV and a subsequent energy calibration. This value is a good compromise between being close to the broad maximum of the photoionization cross section (see the 54.7
Results and discussion
• spectrum in figure 2 ) and avoiding significant contributions of the normal Auger decay of the first O 1s satellite state which has its maximum slightly above 550 eV, see [38] . However, figure 2 shows that at 551 eV the σ -like shape resonance in the 0
• spectrum overlaps with a maximum in the 90
• spectrum. A comparison of the latter spectrum with the partial ion-yield spectrum of O − presented by Stolte et al [17] clearly suggests that a broad peak at 551 eV detected under 90
• is due to doubly excited states with -symmetry.
A comparison of the two spectra shown in figure 1 shows that the three additional features indicated with arrows are only present in the 549.85 eV spectrum. Based on the assignment of the spectral features present in the angularly resolved total ion yield spectra in figure 2 these spectral features can be due to three different contributions, as discussed before. Firstly, it is well known that across a shape resonance there are variations in the population of the different vibrational substates in the core-ionized state, see e.g. [24] , which also led to changes in the Auger spectrum as has been shown in [25] . Secondly, the lower kinetic energy of the • )], i.e. with final states of -symmetry, are shown by the blue and the red spectrum, respectively. The total ion-yield spectrum at magic angle [I ion (54.7
• )] obtained using the equation
For a better visibility of the spectra their baselines of zero intensity are shifted relative to each other. photoelectron at a photon energy of 549.85 eV leads to a strongly increased PCI effect. Thirdly, a contribution of resonant Auger lines caused by the decay of the doubly excited states can be expected. To distinguish between these three different possible contributions, we analyse in detail the Auger spectrum in the kinetic energy region 498.2-503.2 eV, i.e. the region with the O 1s figures 3 and 4 , respectively, together with the corresponding photoelectron spectra. As described above, the data analysis of the photoelectron and Auger spectra measured at 600 eV is identical to that used by Püttner et al [21] . However, to reduce the number of free parameters in the fit analysis, the parameters for the potential energy curves and the energetic splittings were fixed to the values reported in [21] and only the intensities were allowed to vary freely. As can be seen in figure 3 the fit result describes the data well and the intensity ratios turned out to be identical within the error bars to the results of the previous work.
For the fit analysis of the 549.85 eV spectrum presented in figure 4 we took into account the stronger contributions of the PCI effect, which is reflected by more asymmetric lines in the photoelectron and Auger spectra. Furthermore, we performed a fit of the photoelectron spectrum using the same potential energy curves-and therefore the same FCF-as for the spectrum recorded using a photon energy of 600 eV. To account for the influence of the shape resonance described above, all higher vibrational substates were multiplied with a weight factor. In the fit analysis it turned out that the weight factors for the vibrational levels v = 1 and 2 are 1.15 and 1.05, respectively, i.e. there are only small variations of the intensities of the vibrational substates caused by the shape resonance. These weight factors for the individual vibrational substates were also used in the Auger spectrum in order to take into account the influence of the shape resonance on the photoionization process. The influence of the PCI effect and the shape resonance on the spectrum can be seen from the differences in the vibrational progressions of the O 1s → a 1 + Auger transitions, i.e. the thin solid subspectra in figures 3 and 4. However, as can be seen from the fit results, the modifications caused by the PCI effect and the shape resonance were not sufficient for a good description of the 549.85 eV spectrum. Instead, four additional PCI lineshapes had to be included between 500.3 and 501 eV, shown by bold lines in figure 4. For these PCI lineshapes the kinetic energy of the corresponding photoelectron was a free parameter during the fit analysis and it turned out to be of the order of 600 eV, with an error bar of 300 eV. This result shows that a PCI tail is practically absent in the additionally included lines. This excludes the Auger decay of the lowest O 1s −1 satellite state that cannot be fully rejected from pure energy arguments alone [38] , and allows to identify that they originate from a resonant Auger decay of a doubly excited state.
The four narrow lines indicate that both the doubly excited and the final state involved in the corresponding transition are stable with respect to dissociation. The postulation of a doubly excited state that is stable with respect to dissociation is not in contradiction with the absence of a vibrational progression in the total ion yield spectra owing to two reasons: (i) the vibrational splittings in O 1s excitations of CO are generally comparable to the core-hole lifetime [30] . Because of this, e.g., the vibrational progression of the O 1s → 2π excitation below threshold is only weakly visible [30] . Slightly smaller vibrational energies would smear out the vibrational progression almost completely. (ii) An overlap of spectral features caused by the excitation of different doubly excited states might mask vibrational progressions in the angular resolved total ion yield spectra.
The four observed lines show splittings between 140 and 210 meV, i.e. in the order typical of vibrational splittings. The irregularities in the splittings might be due to various effects. Firstly, the vibrational level of the doubly excited state is not known and a population of two almost overlapping vibrational states is possible. Such situations can lead to a complicated vibrational pattern including vibrational lifetime interference. Secondly, the vibrational progressions can be influenced by an avoided crossing.
The resonant Auger decay of the doubly excited state leads to an excited state of CO + . The latter state has an energy of 48.9 eV above the ground state of CO and can be described as a 2h1p state. Since neither experimental nor theoretical studies of excited CO + exist above 46 eV [39] , the assignment of this state is not straightforward. For an approach to the assignment we will, therefore, use in a first step simple energy arguments. These arguments are based on the energies of the two-hole (2h) states, which are for the states of interest not known with high accuracy. Because of this, we would like to point out that inaccuracies of 1-2 eV for their energy positions do not have consequences for the following discussion.
Using the energies of the 2h states obtained in the combined experimental and theoretical work of Kelber et al [40] , one can exclude the 2h configurations 5σ
and 1π −2 since the corresponding states are too low in energy. Assuming the 2h configuration 4σ −1 1π −1 with an energy of ∼ =51 eV above the ground state of CO, the 2h1p final state could be 4σ −1 1π −1 nlλ, with nlλ describing a Rydberg orbital. In this case the additional Rydberg electron would have a binding energy of 2-3 eV. This allows one to estimate n by comparing with the binding energies of the Rydberg electrons obtained by Kitajima et al [20] in combination with the Rydberg formula. In this way, we obtain n = 5-6. In the same way one can obtain n = 3 for the state 4σ −2 nlλ, since the 4σ −2 parent state is expected to be around 58 eV, i.e. the binding energy of the additional Rydberg electron is ∼ =9 eV. For the parent state 3σ −1 5σ −1 the binding energy of the additional electron would be ∼ =17 eV and for the parent states 3σ −1 4σ −1 and 3σ −1 1π −1 ∼ =25 eV. These binding energies are clearly too high for an additional Rydberg electron. However, Sundin et al [41] observed that the states 5σ
−2 2π and 4σ −1 5σ −1 2π are approximately 18 eV below the corresponding parent states so that an assignment of the present 2h1p state to 3σ −1 5σ −1 2π would be reasonable based on energy arguments.
In summary, the presented energy arguments suggest the assignments 4σ
−2 3lλ, or 3σ −1 5σ −1 2π. From these possible assignments the first one can be excluded by considering the double excitation process in more detail. The relatively high contribution of the resonant Auger decay to the spectrum can only be explained with an effective excitation process to the doubly excited state. This would be preferentially accompanied by a conjugate shake process of a 4σ or 1π valence electron to a Rydberg state with the principal quantum number n = 5 or 6; such a process is, however, not very likely based on overlap arguments for valence electrons with high-n Rydberg electrons.
As discussed above, the narrow lines of the additional spectral feature match a vibrational progression well and suggest that the final state is stable with respect to dissociation. This finding can be explained much better by the final state 4σ −2 3lλ than by the final state 3σ −1 5σ −1 2π, since in the former case two electrons are missing in the antibonding 4σ orbital and the additional electron is in a non-bonding Rydberg orbital. Contrary to this, the second remaining possibility, the state 3σ −1 5σ −1 2π , has only vacancies in the bonding orbitals 3σ and 5σ and an additional electron in the antibonding 2π orbital, suggesting a much stronger weakening of the bond.
The doubly excited state formed by an O 1s → 2π excitation and an additional shake process has symmetry, see above. To obtain the proposed final state 4σ −2 3lλ the 2π electron has to be involved in a participator Auger decay. Under these conditions the first hole in the 4σ orbital has to be created already in the excitation process. Consequently, the doubly excited state has to be formed by a conjugate shake process starting from the 4σ orbital, i.e. the doubly excited state is O 1s −1 4σ −1 2π3lσ , forming the final state 4σ −2 3lσ . In the subsequent participator Auger decay the excited 2π and the remaining 4σ electron are involved and in this way the second hole in the 4σ orbital is created. From the present considerations, we cannot determine the angular momentum l of the Rydberg electron.
The present assignment of the final state to 4σ −2 3lσ without a further specification of l is supported by the overview spectra for the O 1s Auger decay. By comparing the Auger spectra recorded at 549.85 and 600 eV an additional spectral feature can also be found in the 549.85 eV spectrum at about 4.5 and 6 eV above the 4σ −2 3lσ state, see arrows. In the following, we shall show that these splittings are in line with the formation of a Rydberg series 4σ −2 nlσ with n = 3-5 and l being more likely s than p. Kitajima et al [20] and Sundin et al [41] showed that the states 5σ −2 3sσ and 4σ −1 5σ −1 3sσ are approximately 9.5 eV below the corresponding threshold. Using this energy value, i.e. by assuming the lowest 2h1p final state to be 4σ −2 3sσ , we calculated on the basis of the Rydberg formula that the states 4σ −2 4sσ and 4σ −2 5sσ are higher by 4.7 and 6.6 eV, respectively. The states 5σ −2 3pπ and 4σ −1 5σ −1 3pπ are only 7.5 eV below the corresponding threshold [20, 41] . By assuming identical binding energies for a 3pσ Rydberg electron, we obtained that the states 4σ the Rydberg series can readily be explained by shake-up transitions of the 3lλ Rydberg electron accompanying the resonant Auger process. Furthermore, the values for the energy splitting fit better the series 4σ −2 nsσ so that this assignment is preferred. This proposed assignment is also in line with the angularly resolved Auger spectra recorded at SPring 8 with a nominal photon energy of hν = 550 eV and depicted in figure 5 ; for these spectra no proper photon energy calibration was performed. However, the contributions of the resonant Auger decays in these spectra match very well those of the spectra recorded at hν = 549.85 eV and indicate clearly that the photon energies used for these two spectra differ by not more than 0.1 eV.
In Auger spectra recorded on the C 1s shape resonance of CO it has been observed that different Auger transitions may exhibit different angular distributions [42] . However, in the two present angularly resolved spectra the intensity ratio for the normal Auger decays to the final states a 1 + and b 1 is identical within the error bars, i.e. both Auger transitions show the same angular distribution behaviour. Because of this, we can use the intensities of the normal Auger lines as a reference, and we observe that the contributions of the resonant Auger lines are in the horizontal spectrum 1.4(1) times more intense than in the vertical spectrum. The higher contributions of the resonant Auger lines in the 0
• spectrum can be understood qualitatively on the basis of the given assignment and suggested participator Auger decay. According to the assigned symmetry of the doubly excited state, the preferred orientation of the molecular axis is perpendicular to the polarization of the light. According to the assignment of the final state to a symmetry the outgoing Auger electron has to have π symmetry, i.e. it goes out mainly perpendicular to the molecular axis. Using the following argumentation, we can qualitatively understand the relative 1.4:1 intensity ratio for the 0
• -and the 90
• -detection. For this argumentation let us assume that the polarization direction of the light and the 0
• -detector is along the z-axis and that of the 90
• -detector is along the x-axis. Then the doubly excited molecule can be oriented along the x-or the y-axis. In the case of an orientation along the x-axis there will be an Auger emission along the y-and the z-axis, i.e. there will be a signal only in the 0
• -detector. For an orientation in the y-axis there will be a signal in both detectors so that the total intensity ratio is about 2:1 and shows the same tendency as the observation. Using similar arguments, one obtains for a possible sσ continuum wave equal intensity in both detectors and for a pσ continuum wave intensity only in the 90
• -detector.
Summary and conclusions
We report here a very detailed analysis of Auger structures measured after O 1s −1 photoionization in CO at photon energies corresponding either to the continuum shape resonance or well above such a maximum in the photoionization cross section. Based on a sophisticated fitting procedure, taking into account the vibrational progression of the normal Auger spectra as well as their modifications caused by several factors such as PCI and vibrational distribution on and off the shape resonance, we were able to evidence the presence of additional spectral features overlapping with the normal Auger ones at the shape resonance position. On the basis of their lineshapes as well as their energy and electron angular distribution behaviour, we were able to assign these spectral features as being related to the resonant Auger decay of doubly excited states, which happen to overlap in energy with the shape resonance. Energy, intensity and symmetry arguments allowed us to propose a spectral assignment of the doubly excited state to O 1s −1 4σ −1 2π 3lλ and of the 2h1p final state to 4σ −2 3lσ of CO + , both with l = s or p. The state of CO + is energetically 48.9 eV above the ground state of CO, i.e. above the energy range up to 46 eV investigated with photoelectron spectroscopy [39] .
Up to now, resonant Auger transitions were systematically studied only in the kineticenergy regime below that of the normal Auger transitions. From this work, we conclude that by combining state-of-the-art experimental resolution and advanced fitting procedures, we are able to disentangle a complex decay process following photoexcitation to neutral doubly excited states happening to overlap with a shape resonance, which is, in the present case, the CO photoionization continuum above the O 1s −1 threshold. Such analyses should allow us to study highly excited 2h1p states of molecular ions which overlap in Auger spectra with the low-lying dicationic states and which have not yet been observed with photoelectron spectroscopy directly. Moreover, the present approach is not limited by the selection rules for the photoionization process allowing only ionic states with and symmetry. As shown here, this approach requires neither assigned nor clearly resolved doubly excited states.
